Despite great interest in cancer chemoprevention, effective agents are few. Here we show that chloroquine, a drug that activates the stress-responsive Atm-p53 tumor-suppressor pathway, preferentially enhances the death of Myc oncogene-overexpressing primary mouse B cells and mouse embryonic fibroblasts (MEFs) and impairs Myc-induced lymphomagenesis in a transgenic mouse model of human Burkitt lymphoma. Chloroquineinduced cell death in primary MEFs and human colorectal cancer cells was dependent upon p53, but not upon the p53 modulators Atm or Arf. Accordingly, chloroquine impaired spontaneous lymphoma development in Atm-deficient mice, a mouse model of ataxia telangiectasia, but not in p53-deficient mice. Chloroquine treatment enhanced markers of both macroautophagy and apoptosis in MEFs but ultimately impaired lysosomal protein degradation. Interestingly, chloroquine-induced cell death was not dependent on caspasemediated apoptosis, as neither overexpression of the antiapoptotic protein Bcl-2 nor deletion of the proapoptotic Bax and Bak affected chloroquine-induced MEF death. However, when both apoptotic and autophagic pathways were blocked simultaneously, chloroquine-induced killing of Myc-overexpressing cells was blunted. Thus chloroquine induces lysosomal stress and provokes a p53-dependent cell death that does not require caspase-mediated apoptosis. These findings specifically demonstrate that intermittent chloroquine use effectively prevents cancer in […] Research Article Oncology
Introduction
Tumorigenesis is a multi-stage process that typically involves the activation of oncogenes that provoke unchecked cell growth and division and tumor angiogenesis as well as the inactivation of a cast of tumor suppressors that harness the cell cycle and/or induce apoptosis (1) . The action of oncogenes is normally held in check by induction of the Arf-p53 tumor suppressor pathway, which can trigger growth arrest or apoptosis (2, 3) . Indeed, secondary events that accompany tumor progression nearly always involve inactivation of the Arf-p53 pathway (1) . Because of its central role in regulating tumor development and growth, modulation of p53 pathways are an attractive target for cancer prevention and treatment.
In addition to its role as a guardian against oncogenic insults, p53 is responsive to a wide array of signals that stress the cell, including hypoxia, defects in mitotic checkpoints, nucleotide deprivation and defects in RNA synthesis, and agents that induce DNA damage (4) . A key arbiter of the DNA damage response pathway is the ATM gene, which is mutated in the cancer-prone disorder ataxia telangiectasia (AT). The ATM protein kinase, which is activated by ionizing irradiation and by numerous chemotherapeutic agents that induce DNA strand breaks, phosphorylates key substrates involved in modulating cell cycle and DNA repair (5) . ATM, and the related kinase ATR, are required for the efficient induction and activation of p53 in response to a variety of cellular insults (6) (7) (8) .
Oncogenes such as Myc cooperate with loss of function mutations in the Atm-p53 pathway to accelerate tumorigenesis (2, 3, (9) (10) (11) ; therefore, we reasoned that agents targeting this pathway might influence the outcome of Myc-induced tumor formation. Here we report that intermittent treatment of Myc-overexpressing mice with the antimalarial drug chloroquine (CQ), a compound that activates the ATM kinase and induces p53 without damaging DNA (12, 13) , impairs tumor formation and enhances survival. CQ preferentially killed cells overexpressing Myc, and CQ-induced cell death was dependent on p53 but was not dependent on Atm, Arf, or classical regulators of apoptosis. Accordingly, intermittent CQ treatment impaired spontaneous tumor development in mice lacking Atm but not in mice lacking p53. CQ induced hallmarks of macroautophagy, yet also disrupted lysosomal functions, and blockade of both apoptosis and autophagy was simultaneously required to reduce CQ-induced cell death. These results support a model whereby alterations in lysosomal function trigger a p53-dependent cell death response that can be exploited to remove precancerous cells and impair cancer development. Selectivity for premalignant cells, preferential killing of Myc-overexpressing cells, and the ability to overcome apoptosis resistance make this approach attractive in both chemoprevention and cancer treatment. tumor development. The antimalarial drug CQ is a particularly attractive agonist of the DNA damage pathway, as it activates Atm and induces p53 without creating double-strand breaks in DNA (12) . To determine whether CQ could affect spontaneous tumor development in a Myc-induced model of lymphomagenesis, weanling-age Eμ-Myc mice were either treated with a combined oral/i.p. injection CQ regimen (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI33700DS1) or with i.p. CQ injection alone (3.5 mg/kg every 5 days) ( Figure 1A ). Intermittent CQ treatment markedly impaired lymphoma development in Eμ-Myc mice, doubling their overall survival (mean survival of 265 days on the oral/i.p. regimen versus 98 days for mice given PBS; P = 0.0002; Figure 1A ). Importantly, CQ treatment was continuously required to suppress lymphoma development, since cessation of CQ administration led to the rapid reappearance of disease (Supplemental Figure 1) .
Lymphoma development in Eμ-Myc transgenic mice is preceded by a precancerous phase in which there are marked increases in the numbers of B cells in the bone marrow and periphery and an accompanying splenomegaly (14, 15) . To address the effects of CQ on the precancerous response, 4-week-old Eμ-Myc transgenic mice and their wild-type littermates received 3 weekly doses of PBS or CQ and were evaluated for their wbc numbers and spleen weight 15 days later. CQ treatment had no effect on wbc numbers or spleen size of wild-type mice, and, as expected, increased wbc numbers and splenomegaly were evident in PBS-injected Eμ-Myc transgenic mice ( Figure 1 , B and C). Strikingly, Eμ-Myc transgenic mice treated with just 3 doses of CQ had wbc numbers and spleen sizes essentially identical to those of wild-type mice ( Figure 1, B and C) .
CQ selectively kills Myc-expressing cells in a p53-dependent manner. The ability of CQ to delay tumor development in Eμ-Myc transgenic mice might result from its effects on Myc-induced cell death and/ or proliferation. To assess these responses, we evaluated the proliferative rates of B cells from PBS- versus CQ-treated Eμ-Myc and wild-type mice by injection with BrdU. CQ treatment did not alter the S-phase of wild-type B cells and failed to affect the increased S-phase indices of Eμ-Myc B cells (data not shown). Evaluation of cell death in vivo revealed no difference between PBS- and CQ-treated Eμ-Myc mice (Supplemental Figure 2) ; however, apoptotic cells are rapidly cleared by phagocytes, making detection of cells in the process of undergoing apoptosis technically challenging. Instead, using a primary B cell culture approach to tackle this issue, precancerous Eμ-Myc B cells were more sensitive to CQ-induced cell death than were B cells derived from wild-type littermates ( Figure 2A ). To address whether the increased sensitivity of Mycexpressing cells to CQ was evident in other cell contexts, we transduced primary early passage (p2) mouse embryonic fibroblasts (MEFs) with an MSCV retrovirus harboring the Myc-ER TAM transgene, a chimeric fusion of human c-Myc with a modified form of the estrogen-binding domain of the estrogen receptor (ER) that is selectively activated by the ER agonist 4-hydroxytamoxifen (4-HT) (16) . Again, CQ treatment induced cell death, and these effects were augmented in Myc-expressing MEFs ( Figure 2B ).
The administration of CQ induces p53 stabilization and activation (13) . CQ treatment had no beneficial effect once the lymphomas in Eμ-Myc transgenic mice were established (data not shown). Since p53 or Arf are already mutated once these tumors are detected (2), these results suggest that the benefits of CQ might depend on p53 function. Further, the frequency of Arf and p53 mutations that arose in tumors from both PBS- and CQ-treated Eμ-Myc mice (data not shown) were the same as had been previously published using this mouse model (2) . Given these results and given that Myc-induced apoptosis is at least in part p53 dependent (2, 17) , we evaluated the role of p53 in CQ-induced death of early passage (p2) p53-deficient MEFs engineered to express Myc-ER TAM . Whether or not they expressed Myc-ER TAM , MEFs lacking p53 were resistant to the toxic effects of CQ ( Figure 2B ). To assess whether these responses to CQ were also manifest in the context of human cancer, we examined the CQ sensitivity of HCT116 human colorectal carcinoma cells. Though parental HCT116 cells were resistant to the toxic effects of CQ, activation of Myc-ER TAM rendered these cells exquisitely sensitive to this agent. However, this sensitivity was lost in Myc-ER TAM -expressing HCT116 cells lacking p53 ( Figure 2C ). Beginning at weaning, Eμ-Myc mice were treated with 3.5 mg/kg CQ (in PBS) i.p. every 5 days, or with PBS alone (n = 18 for each group). Median survival time was 98 days for mice treated with PBS versus 265 days for mice receiving CQ (P = 0.0002). (B) CQ treatment prevents lymphocytosis in precancerous Eμ-Myc transgenic mice. Beginning at 4 weeks, Eμ-Myc transgenic mice and their wild-type littermates (n = 5-8 for each group) were injected with 3.5 mg/kg CQ (in PBS) i.p. every 5 days, or with PBS alone. At 7 weeks, mice were then analyzed for wbc counts. CQ had no effect on wbc numbers in wild-type mice but had profound effects on wbc numbers in Eμ-Myc mice. *P < 0.05. (C) CQ treatment prevents splenomegaly in precancerous Eμ-Myc transgenic mice. Beginning at 4 weeks, Eμ-Myc transgenic mice and their wild-type littermates (n = 8 for each group) were injected with 3.5 mg/kg CQ (in PBS) i.p. every 5 days, or injected with PBS alone. At 7 weeks, mice were then analyzed for spleen weight. Pictures in inset show representative spleens from wild-type and Eμ-Myc transgenic mice injected with PBS or CQ.
Since CQ-induced cell death was p53 dependent (Figure 2 , B and C), we wished to further explore the potential involvement of the Arf-p53 tumor suppressor pathway that guards against Myc-induced tumorigenesis. To test this, 4-week-old Eμ-Myc transgenic mice and their wild-type littermates were treated with 3 weekly doses of PBS or CQ and the expression of p19 Arf , p53, and the p53 target gene Puma, which are increased in Eμ-Myc precancerous B cells, were evaluated (15, 18) . Interestingly, CQ treatment appeared to lead to the clearance of B220 + cells that expressed these regulators ( Figure 2D ), suggesting that CQ treatment selectively targeted Myc-expressing B cells that had activated the Arf-p53 pathway.
CQ is a p53-dependent chemoprevention agent. To test the potential roles of the p53 modulators Atm and Arf in the CQ-induced death response, early passage (p2) Atm- or Arf-deficient MEFs were treated with CQ and were directly compared with wild-type MEFs isolated from siblings and with p53-deficient MEFs. p53 was induced in Atm- and Arf-deficient MEFs (Supplemental Figure 4 and data not shown), and both cell types were susceptible to the toxic effects of CQ, while p53-deficient MEFs were again resistant ( Figure 3A) . CQ was also not toxic to M1 leukemia cells, which are null for p53 (data not shown). In addition to demonstrating that CQ is acting independently of both Atm and Arf, these results show that CQ induces a p53-dependent and Myc-enhanced cell death response in many different cell types, including MEFs, premalignant B cells, myeloid leukemia, and human colorectal cancer cells.
Both Atm- and p53-deficient mice spontaneously develop T cell lymphomas (19, 20) . The resistance of p53-deficient, but not Atm-deficient, cells to the toxic effects of CQ in vitro suggested that CQ might display selective efficacy in vivo in preventing lymphomagenesis. To test this notion, CQ was administered once every 5 days to weanling-age Atm- and p53-deficient mice, and effects on spontaneous thymoma development and survival were determined. Strikingly, CQ administration more than doubled the lifespan of Atm-deficient mice ( Figure 3B ; P < 0.0001). In contrast, CQ was ineffective as a chemoprevention agent in p53-deficient mice ( Figure 3C ). Collectively these data suggest that CQ prevents lymphoma development by inducing cell death in an Atm-independent yet p53-dependent manner.
CQ can provoke cell death independent of apoptosis. Previous reports suggested that CQ treatment might affect apoptosis (21, 22) . Consistent with these data, we observed cleavage of caspase-9 and the caspase-3 substrate poly-ADP-ribose polymerase (PARP; Figure 4A) as well as increases in Annexin V staining (Supplemental Figure 3 ). Since CQ treatment induced obvious signs of apoptotic cell death in Myc-expressing MEFs, we tested whether cell death induced by CQ was indeed dependent on apoptosis. Interestingly, pretreatment with the broad-spectrum caspase inhibitors zVAD-fmk or qVD-fmk failed to affect the CQ-induced death of either wild-type or Myc-overexpressing MEFs ( Figure 4B and data not shown). In contrast, as expected (23), caspase inhibition did block the death of Myc-expressing MEFs deprived of serum, which stimulates Myc-induced apoptosis (24, 25) . Furthermore, CQ-induced death of Eμ-Myc B cells was not impaired by the overexpression of the antiapoptotic proteins Bcl-2 or Bcl-X L (Figure 4C ), which potently inhibit Myc-induced apoptosis (26, 27) . Apoptosis requires the concerted functions of the multidomain proapoptotic Bcl-2 family members Bax and Bak (28) . However, Bax/Bak-deficient MEFs were also sensitive to CQ-induced cell death ( Figure 4D ). Therefore, though CQ induces a p53-dependent cell death, these results demonstrate that CQ can provoke cell death independent of classical apoptosis.
CQ inhibits lysosomal protein degradation to induce cell death. Autophagy is an evolutionarily ancient program that normally directs the turnover of long-lived proteins and typically enhances cell survival in times of starvation or other forms of stress (29, 30) . It has been suggested that CQ can affect p53-dependent cell death by inhibiting autophagy (22, 31, 32) . While some reports have suggested that CQ stimulates cell death by blocking the fusion of autophagosomes with lysosomes (21, 33, 34) , other studies have suggested that CQ inhibits a later stage of autophagy by blocking degradation of cargo delivered to the lysosome (22) .
To investigate the effects of CQ on autophagy and whether autophagy was the mechanism of p53-dependent cell death induced by CQ in our model systems, we initially evaluated the effects of CQ on LC3, a conserved protein in the macroautophagy pathway that is necessary for the formation of autophagosomes. LC3 becomes modified in an ubiquitin-like reaction with phosphatidylethanolamine (PE) that utilizes the E1-like enzyme Atg7, which is essential for this modification and for autophagosome formation (35) . PE-modified LC3 (LC3-II) can be distinguished from the pro-form of LC3 and from cleaved but unmodified LC3 (LC3-I) by gel electrophoresis, since LC3-II migrates most rapidly in denaturing polyacrylamide gels (36) . Levels of LC3-II have thus been used to determine the abundance of autophagosomes (36, 37) . Western blot analyses demonstrated that CQ induced a marked and rapid accumulation of LC3-II (within 2-4 hours; Supplemental Figure  4 ) in both primary wild-type MEFs and in p53-, Atm-, and Bax/Bakdeficient MEFs. Therefore, although CQ-induced death is p53 dependent, its ability to provoke this early hallmark of autophagy is p53 independent. In contrast, as expected, CQ failed to induce the formation of LC3-II in Atg7-deficient MEFs ( Figure 5A ). Furthermore, LC3-II was also detected in Myc-expressing wild-type MEFs treated with CQ, and again this modification failed to occur in Atg7-deficient MEFs engineered to overexpress Myc ( Figure 5B ).
LC3 localizes to the membranes of autophagosomes following its modification with PE, and this can be monitored using a functional GFP-LC3B fusion protein (36) . To further explore the effects of CQ on autophagy, MEFs were transduced with MSCV retrovirus expressing GFP-LC3B, GFP + cells were expanded in culture, and the effects of CQ on LC3 localization was followed by time-lapse video microscopy. To monitor lysosomes, cells were also loaded with Lysotracker, a cell-permeable pH-dependent dye that becomes fluorescent in acidic functional lysosomes. Untreated cells demonstrated a mostly diffuse cytoplasmic staining of GFP-LC3 with very few punctuate autophagosomes and lysosomes ( Figure 5C ). In contrast, treatment of MEFs with CQ resulted in a rapid (2-4 hours) and massive induction of GFP-LC3-positive autophagosomes ( Figure 5C ). Further, CQ-treated cells displayed a marked increase in the number and size of lysosomes, which retained Lysotracker fluorescence, indicating they did not lose their acidic nature ( Figure 5C ).
We used real-time video microscopy to follow the fate of GFP-LC3-bound vesicles and observed that CQ induced the accumulation of large autophagosomes that then accumulated Lysotracker fluorescence. Although at 2-4 hours GFP-LC3-positive vesicles readily lost their GFP staining after the accumulation of Lysotracker fluorescence (indicating that GFP-LC3 was degraded), by 24 hours there were many vesicles that retained GFP staining and Lysotracker fluorescence, indicating that these lysosomes were only partially functional ( Figure 5C and Supplemental Videos 1 and 2). Importantly, kinetic analyses of CQ-induced LC3-II generation (data not shown) and real-time video microscopy of GFP-LC3B (Supplemental Videos 1 and 2) suggested that CQ treatment initially induces aspects of the autophagy pathway, but that chronic exposure to CQ causes defects in lysosomal degradation, the final step in the pathway, which can also contribute to LC3-II accumulation. Finally, all of these effects of CQ were also independent of p53 (data not shown). Therefore, the p53 dependence of CQ-induced death is not due to overt effects of p53 on the ability of CQ to induce early hallmarks of macroautophagy, nor upon the ability of p53 to modify lysosomal functions. These results are also consistent with the more rapid kinetics of LC3 modification compared with p53 induction during CQ treatment (Supplemental Figure 4) . Taken together, these observations suggest that p53 induction is a consequence, not a cause, of CQ-induced macroautophagy.
Electron microscopy confirmed that CQ treatment led to a massive accumulation of autophagosomes and the rapid delivery of cytosolic material to the lysosome ( Figure 5D ). At 4 hours, CQ induced the formation of numerous double-membrane autophagosomes and autophagolysosomes, consistent with the active fusion and delivery of cargo of autophagosomes with lysosomes ( Figure 5D ). CQ did not block the fusion of autophagosomes with lysosomes, as by 24 hours virtually all of vesicles in the cytosol were lysosomes, yet many of these still contained significant amounts of undegraded cytosolic material, indicating that lysosomal function was impaired by CQ. Similar findings were also evident in human diploid fibroblasts, Myc-expressing human fibroblasts, and HeLa cells, in which CQ treatment induced a marked accumulation of vesicles that included autophagosomes, autophagolysosomes, and lysosomes that contained partially degraded material (Supplemental Figures 5 and 6) .
To assess the effects of CQ on protein degradation and lysosome function, we examined the effects of CQ on p62/SQSTM1, a protein recently shown to be uniquely degraded by autophagy pathway (38) . Indeed, CQ treatment of MEFs and Myc-expressing MEFs led to a marked increase in the levels of p62 (Figure 5E ), an effect that has been attributed to the inhibition of autophagy and protein degradation (38, 39) . CQ is a weak base and has been reported to induce lysosomal membrane permeabilization and to provoke the release of neutral protease cathepsin D from lysosomes and the accumulation of cathepsin D in the cytosol (32, 40) . Indeed, CQ induced marked increases in cathepsin D in both MEFs and Myc-expressing MEFs, an event that would impair lysosomal degradation of its cargo ( Figure 5E ).
Blockade of both apoptosis and autophagy impairs CQ-induced cell death.
Collectively the effects of CQ indicated that it impaired the terminal steps of autophagic degradation. Since Atg7-deficient cells are defective in macroautophagy and these cells failed to display LC3-II modification following CQ treatment, we explored whether Atg7 loss spared Myc-expressing cells from CQ-induced death. Early passage wild-type or Atg7-deficient MEFs were infected with either control MSCV-puro- or MSCV-Myc-ER TAM -puro-expressing retroviruses. CQ treatment induced cell death in Myc-overexpressing Atg7-deficient cells as efficiently as that manifest in wild-type MEFs ( Figure 6A ). Similar results were also seen with the use of 3-methyladenine (3-MA; Figure 6A ), a drug known to inhibit class III PI3K and a widely used inhibitor of autophagy (41, 42) .
The effects of CQ in MEFs ( Figure 4A ), as well as the recent studies of others (21, 22) , established that CQ treatment can induce hallmarks of apoptosis. To test whether the effects of CQ on autophagy were required for the apoptotic response, Atg7-deficient MEFs and Myc-expressing Atg7 -/-MEFs were treated with CQ and assessed for markers of apoptosis. Loss of Atg7 had no effect on the cleavage of PARP in CQ-treated cells ( Figure 6B and data not shown) nor upon increases in Annexin V staining in CQ-treated wild-type versus Atg7-deficient MEFs (data not shown). Therefore, the apoptotic response induced by CQ is independent of the autophagy pathway. Since CQ treatment could override the prosurvival effects of inhibitors of apoptosis ( Figure 3 , B and C) and the requirement for Bax and Bak ( Figure  3D ), we wondered whether the combined inhibition of both apoptosis and autophagy might impair CQ-induced death. To test this notion, 4-HT-treated wild-type and Atg7-deficient MEFs engineered to overexpress Myc-ER TAM were pretreated with the broad-spectrum caspase inhibitor qVD-fmk for 1 hour and then were treated for 24 hours with CQ. Interestingly, despite evidence of cytoplasmic vacuolization (data not shown), CQ-induced cell death was significantly reduced by caspase inhibition in Atg7-deficient cells ( Figure 6C ). Taken together, these results suggest that CQ kills Myc-overexpressing cells by blocking the end-stage of autophagy, namely lysosomal protein degradation, and that this induces a p53-dependent apoptotic cell death. In the absence of apoptosis, Myc-overexpressing cells can still succumb to death following CQ treatment by switching to a caspase-independent death. However, if both autophagy and apoptosis are blocked, CQ can no longer effectively kill.
Discussion
There are very few agents that have a proven ability to prevent cancer, and their mechanisms of action are often obscure. We reasoned that possible agents would include those that augment DNA damage response pathways, particularly since DNA damage is evident in the precancerous state, where it likely promotes additional mutations that give rise to frank malignancies (43) . We focused our chemoprevention studies on the antimalarial drug CQ, which can activate Atm and p53 in the absence of detectable DNA damage (12) and which is tolerated long term in patients suffering from malaria, with few side effects.
Previous studies have highlighted the importance of Atm as a guardian against Myc-induced tumorigenesis (9-11); hence we asked whether CQ could affect Myc-induced lymphoma development. Indeed, administration of CQ to mice once every 5 days dramatically reduced lymphoma development in Eμ-Myc transgenic mice. Since Eμ-Myc mice are often regarded as a murine model for human Burkitt lymphoma (44) , this suggested that CQ could be a useful drug in preventing this disorder. Intriguingly, an epidemiologic trial supports this notion. Specifically, in an attempt to investigate whether malaria was a causative agent in the high incidence of Burkitt lymphoma in equatorial Africa, a trial was performed in which CQ was provided to a large section of the country of Tanzania for 5 years, with instructions for children to take 1 dose every 2 weeks (45) . During the time period of the study, the incidence of endemic Burkitt lymphoma in the region decreased by approximately 75%, and the tumor incidence then returned to the old baseline within 2 years after completion of the trial. The striking tumor prevention effects of CQ were not further explored at the time, since the major hypothesis of the study, a linkage between malaria incidence and Burkitt lymphoma, was not adequately supported by the results. However, the profound effects we observed in the Eμ-Myc mice treated with CQ now provide a different perspective on the results of this epidemiologic study and suggest that CQ may have been a useful prevention/therapeutic agent in this disease, even as a single agent given once every 2 weeks.
Exploring the mechanism of CQ action provided some unexpected and intriguing insights. At the doses of CQ used, which are similar to those used to prevent malaria, a p53-dependent pathway and increased cell death were observed. Our studies and those of Thompson and colleagues (22) have indicated that in the context of Myc overexpression, CQ induces an apoptotic cell death resulting from ineffective autophagic protein degradation and partial lysosomal permeabilization. Autophagy is a complex adaptive cellular response that enhances cell survival in the face of nutrient limitation or other cellular stresses that include protein accumulation (29, 46) . Some studies have suggested that CQ enhances cell death by blocking fusion of autophagosomes with lysosomes (33, 34) while others suggest that it functions as a lysosomotropic agent by inhibiting the acid-dependent degradation of autophagosome cytosolic contents, resulting in an accumulation of autophagic vesicles that cannot be cleared (22, 47, 48) . Our results are consistent with the latter mechanism. It is noteworthy that Myc expression itself also affected the autophagic response with respect to LC3 modification by PE. In driving cell growth and proliferation, we can speculate that Myc affects autophagy as a mechanism to deal with increased metabolism.
An intriguing result from our study was that CQ was effective at killing Myc-overexpressing cells even in the presence of caspase inhibition or overexpressed Bcl-2 or Bcl-X L , which prevent Mycinduced apoptosis (26, 27) . Even more striking, CQ was also effective at killing MEFs lacking both Bax and Bak, which together are required for all forms of apoptosis (28, 49) . The death in Bax/Bakdeficient cells from CQ treatment may result from the fact that they retain a normal lysosomal membrane permeabilization despite failing to undergo mitochondrial membrane permeabilization (50) . Regardless, the result represents an important consideration in the treatment of cancers in which the apoptotic pathway is disabled, particularly advanced follicular lymphoma, which is driven by Bcl-2 and Myc overexpression (51) .
It appears that CQ typically facilitates apoptotic cell death in Mycoverexpressing cells via lysosomal changes. Importantly, however, CQ-induced lysosomal changes can lead to a p53-dependent cell death in the absence of apoptosis, though blockade of both apoptosis and autophagy abrogates CQ-induced cell death ( Figure 5 ). Recent studies have highlighted a role for p53 in regulating autophagy, perhaps through effects on the lysosomal protein DRAM or on the AMPK/TSC1/TSC2 signaling pathway (52, 53) . Our study indicates that CQ inhibits a late step in autophagy. Therefore, while triggers of the autophagy pathway, such as genotoxic stress and starvation, may play a role in cell survival (52) , others (e.g., CQ) that derail the autophagy pathway and result in ineffective clearance are toxic and can induce a cell death response that is dependent upon p53. While CQ clearly affects events at the lysosome, the fact that it can induce p53-dependent cell death independent of either apoptosis or autophagy, but not both, suggests the involvement of other signaling pathways and p53 targets. Interestingly, a recent study suggests that protection from caspase-independent cell death reflects an increase in, and a dependence upon, autophagy (54) . Our results suggest that autophagy is not required for cell survival following caspase inhibition; however, since cells still vesiculate in the presence of CQ under defective apoptosis and autophagic conditions, it is possible that they ultimately would succumb to death.
CQ was also effective in reducing spontaneous tumor formation in mice lacking Atm, a finding that potentially has significant implications for patients with the cancer-prone disorder AT. First, it appears that CQ may be useful in the prevention or perhaps treatment of lymphomas that arise in AT patients. Malignancies that arise in AT patients are particularly difficult to treat because of the special sensitivities of AT patients to cytotoxic agents used to treat cancer. CQ provides a novel consideration for treatment of lymphomas in AT patients and has the advantage that it is not typically cytotoxic and may thus be relatively well tolerated. Further, Atm-deficient mice treated with CQ on a weekly basis had no apparent side effects from the chronic intermittent treatment, and the therapeutic benefit might even be greater on a different dosage schedule or in combination with other agents (32) . In addition to cancer predisposition, patients with AT also exhibit neurodegeneration, immunologic abnormalities, insulin resistance, abnormal intracellular redox control, and signs of premature aging (55) . Interestingly, abnormalities in autophagy and lysosomal function have been linked to all of these processes (56, 57) , raising the intriguing possibility that some or all of the clinical abnormalities in the AT disorder could be linked to alterations in autophagy regulation. Such possibilities provide fertile areas for continued study and potential novel opportunities for treatment or prevention of the many tragic clinical features of this disease.
Collectively, the data presented herein suggest that disruption of lysosomal function by CQ provides a potentially useful therapeutic intervention in certain cancer settings. The apparently increased sensitivity of oncogene-expressing cells to CQ treatment would provide a natural therapeutic index. The challenge will be to figure out how to optimally use this approach in the prevention and/or treatment of clinical disease. Questions of optimal dose and schedule, use in combination with cytotoxic or biologic agents, and appropriate genetic background or histopathology of the tumor will all need to be addressed. Perhaps most important is the fact that these studies provide proof of principle for developing antitumor therapies based on the modulation of autophagic pathways and opportunities for novel drug discovery, whether based on CQ itself or targeting other steps in the pathway.
Methods
Mice and tumor analyses. To evaluate the efficacy of CQ as a chemopreventative agent, Atm-null, p53-null (C57BL/6J background; The Jackson Laboratory) or Eμ-Myc transgenic mice (C57BL/6J) were injected every 5 days, starting at the age of 4 weeks, with either PBS or 3.5 mg/kg CQ (Sigma-Aldrich). All mice were observed daily for signs of morbidity and the development of lymphoma and analyzed weekly for their differential blood counts by retroorbital bleeds. Atg7 +/-mice were generated from Atg7 flox/flox mice (generously provided by Keiji Tanaka and Masaaki Komatsu, Tokyo Metropolitan Institute of Medical Science, Bunkyo-ku, Tokyo, Japan; ref. 35 ) by crossing a male ATG7 flox/flox mouse to a female EIIa Cre deleter strain. This Cre recombinase-expressing knockin mouse model specifically expresses high levels of Cre recombinase in oocytes (58) . The resulting heterozygous F1s were then identified by PCR for the loss of the floxed Atg7 allele using the oligonucleotides 5′-TGGCTGCTACTTCTGCATGATGT-3′ and 5′-TTAGCA-CAGGGAACAGCGCTCATGG-3′. Atg7 +/-mice were then backcrossed to C57BL/6J mice to segregate the Atg7 +/-allele from the EIIa Cre allele. Finally, to generate paired Atg7 +/+ and Atg7 -/-MEFs, timed matings of Atg7 +/-mice were performed and the embryos were collected on E13.5.
Cell culture. Wild-type, p53 -/-, Arf -/-, and Atm -/-E13.5 MEFs were prepared and cultured as previously described (17, 18) . Early passage (p2) Bax/Bak -/-MEFs were kindly provided by Stanley Korsmeyer (Howard Hughes Medical Institute, Dana-Farber Cancer Institute, Boston, Massachusetts, USA). Early passage (p2) Atg7 +/+ and Atg7 -/-MEFs were cultured as described (35) . Retroviral infections were performed as previously described (2, 18) . Primary bone marrow-derived pre-B cell cultures were generated from 6-week-old C57BL/6 wild-type or Eμ-Myc transgenic mice, as previously described (59) . B cells were maintained in culture on S17 stromal cells (kindly provided by Kenneth Dorshkind, University of California, Riverside, California, USA) in medium containing IL-7 (10 U/ml), as previously described (59) . HeLa cells, 1070SK normal human foreskin fibroblasts (ATCC), and HCT116 and p53 -/--HCT116 colon cancer cells (kindly provided by Bert Vogelstein, Johns Hopkins University, Baltimore, Maryland, USA) were all maintained in DMEM culture medium containing 10% FBS and 1% penicillin/streptomycin.
zVAD-fmk and qVD-fmk (MP Biomedicals) were dissolved as 100-mM stock solutions in DMSO. Prior to serum starvation (0.1% FBS), cells were treated for 1 h with either zVAD (50 μM) or qVD (20 μM) before addition of CQ (50 μM; Sigma-Aldrich). 3-MA (Fluka) was used alone (2 mM) or in combination with CQ (50 μM).
Electron microscopy. Cells were left untreated or were treated with CQ (50 μM) and collected by centrifugation, washed in PBS, and fixed using 2% phosphate-buffered glutaraldehyde. Samples were then postfixed with 1% osmium tetroxide, embedded in Spurr, and sectioned. The sections were stained with uranyl acetate and lead citrate and viewed in a JEOL 1200 electron microscope.
FACS and magnetic-activated cell sorting of B cells. To obtain bone marrow and splenic B cells, single-cell suspensions were prepared, followed by a red cell lysis using an ammonium chloride/potassium bicarbonate solution. Cell suspensions were then incubated with B220 microbeads and enriched by magnetic-activated cell sorting (MACS) according to the manufacturer's instructions (Miltenyi Biotech). Rates of proliferation of B220 + cells were determined by using a flow kit according to the manufacturer's instructions (BD Biosciences - Pharmingen). Briefly, animals were injected i.p. with 100 ml of 10 mg/ml BrdU in sterile PBS. Animals were sacrificed 12 h after injection, and B220 + cells from bone marrow and spleen were harvested. Cells (1 × 10 6 ) were used for the BrdU proliferation assays, and 5 × 10 5 cells were stained with either propidium iodide (Sigma-Aldrich) alone for viability analyses or with propidium iodide and Annexin V FITC antibody (Roche Applied Sciences) for apoptosis analyses, as previously described (18) . Following incubation, cells were washed, resuspended in PBS, and analyzed by FACS.
Immunoblotting analyses. MACS-sorted B cells and MEFs were lysed in RIPA buffer and proteins quantified using a BCA assay (Pierce Biotechnology). Proteins (25 or 50 mg/lane) were electrophoretically separated on 4%-12% SDS-PAGE gels (Invitrogen), transferred to membranes (Protran; Schleicher and Schuell), and blotted with antibodies specific for β-actin, Puma (Sigma-Aldrich), c-Myc, p62 (Santa Cruz Biotechnology Inc.), p53 (BD Biosciences - Pharmingen; IC12, Cell Signaling), p19 Arf (kindly provided by Charles Sherr, St. Jude Children's Research Hospital, Memphis, Tennessee, USA), cathepsin D (R&D Systems), and LC3 (polyclonal antibody raised in rabbits). Following incubation with primary antibodies, the blots were then incubated with appropriate anti-mouse, anti-rat, or antirabbit immunoglobulin secondary antibodies (Amersham). Bound immunocomplexes were detected by enhanced chemiluminescence (Amersham) or ECL SuperSignal (Pierce Biotechnology).
Immunofluorescence analyses. For analysis of GFP-LC3B, cells were plated onto MatPek glass bottom dishes 24 h before the start of the experiment. Cells were then labeled with 1 nM Lysotracker (Invitrogen) for 30 min at 37°C, 9% CO2. After labeling, cells were washed 3 times with prewarmed cell culture media and then left untreated or treated with CQ. The images were then collected using a Nikon C1SI with an In Vivo Scientific CO2/ temperature-controlled chamber at different time intervals.
Statistics. Means were compared using the χ 2 test. All data analyses were performed using GraphPad Prism curve comparisons.
